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ABSTRACT: Faradaic reactions at low supporting electrolyte concentrations induce convection via electroosmotic flows. Here we
combine finite-element simulations and electrochemical measurements on microparticles at ultramicroelectrodes to explore this
effect. We show that convection becomes the dominant form of mass transport for experiments at low salt concentrations, violating

the common assumption that convection can be neglected.

lectrochemical processes and associated mass transport

play a role in a plethora of physical phenomena and
applications. While mass transport can often be understood in
terms of diffusion alone,' migration and the corresponding
ohmic potential drops also become increasingly relevant at low
supporting electrolyte ratios.””’ Convection can also be
imposed, for example in flow cells or at rotating disk
electrodes. Moreover, natural convection has been shown to
occur in temperature or concentration gradients and when
caused by electrochemically generated bubbles.”

Far less recognized, however, is that electrochemical
reactions can also induce convection through the generation
of electroosmotic flows (EOFs). In this phenomenon, the
electrochemically generated electric field drives the migration
of mobile ions in the electrical double layer (EDL) of surfaces
in contact with the solution, which in turn causes advection of
the solvent. Electroosmosis has been intentionally employed in
electrochemistry, for example for self-propulsion of microscale
swimmers,” microscale pumping, 1o enhancing mass transport
in nanoband electrodes,"” and directing the motion of
bacteria."” The effect is however general and in principle
occurs to some degree in most electrochemical processes. The
insulating materials found in electrochemical cells conse-
quently play an active role in determining the electrochemical
response.

Here we illustrate this behavior experimentally by tracking
the motion of microparticles in the vicinity of an ultra-
microelectrode (UME) and relating these observations to
amperometric signals caused by the oxidation of a redox
mediator."* While it is well understood that the frequency of
current blockade events increases with decreasing salt
concentration,'*™'® EOFs cause the nature of the ampero-
metric signals to change when the supporting electrolyte ratio
(7, defined as the monovalent salt concentration divided by the
redox meditator concentration) becomes lower than unity.
Convection in fact often dominates particle transport at low
ionic strengths.

Miniaturized electrodes such as UMEs are particularly well
suited to low-salt conditions because their solution resistance is
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largely determined by the region near the electrode.” When y <
1, the ionic strength in this region increases, leading to
decreased solution resistance.” However, UMEs are usually
shrouded by an insulating surface such as glass which is
normally charged in solution. This charge can interact with the
induced electric field to cause EOFs and thus locally induce
convection.

To gain a quantitative understanding of this effect, we
performed finite-element calculations of mass transport
including self-generated electric fields and convection. In
short, the species were a redox mediator in the reduced form
(neutral, z = 0), its oxidized counterpart (z = +1), and a
supporting electrolyte represented by a cation (z = +1) and an
anion (z = —1). Transport was described by the Nernst—
Planck equation. Charge neutrality was imposed, and
consequently, surface charges and the corresponding EDLs
were not explicitly included in the equations. It was assumed
that the mediator was instantly converted to the oxidized form
at the electrode (high overpotential conditions”). The solution
was further described as an incompressible Newtonian fluid.
To describe EOFs, the velocity of the fluid at the glass surface,
uj, was given by the Helmholtz—Smoluchowski equation, u =
(€¢./u)E;."” Here £ and p are the permittivity and the viscosity
of the solution, respectively, {; is the {-potential of the surface,
and E; is the tangential electric field. The microparticle
trajectories were computed from force balance between
electrophoretic and viscous drag forces (see Supporting
Information for a complete description).

The self-consistent results are summarized in Figure 1.
Oxidation of the mediator at the electrode causes local
injection of positive charge into the solution and gives rise to
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Figure 1. Calculated mass transport properties. (a) Electric field lines (white) and magnitude (color scale) upon oxidation at the electrode. This
field causes a 1.6 mV ohmic potential drop at the electrode surface. (b) Fluid streamlines (white) and flow speed (color scale). (c) Particle
trajectories (white lines) and excess anion concentration (color scale, expressed as a ratio of the bulk salt concentration). Panels (a—c) correspond
to 0.67 mM mediator concentration and 5 mM salt concentration (y = 7.5). (d) Same as (c) for 0.15 mM salt (y = 0.22).

an electric field (Figure la). An EOF is thus created that
advects fluid along the negatively charged surface shrouding
the electrode. To compensate this flow, fluid is drawn toward
the electrode from above (Figure 1b). Negatively charged
microparticles move by both migration and convection in this
environment, resulting in trajectories that reflect both modes
of transport (Figure 1c and 1d).

The role of convection is clearly visible in Figure 1c and 1d,
which shows that trajectories approaching the edge of the
electrode are deflected to the side. This occurs because the
velocity of a particle near the surface, u,), is the sum of
electrophoretic and convective components,

wy =20, - )
vl — U 2 s (1)

where {, is the {-potential of the particle. When {; is more
negative than {,, convection dominates and particles escape
along the surface.

The trajectories depend sensitively on the salt concentration.
When y > 1, the shape of the pathways is essentially
independent of the ionic strength. When y < 1, on the other
hand, the concentrations of oxidized mediator and its
counterion exceed the bulk salt concentration near the
electrode (Figure 1d). This local enrichment diminishes the
electrophoretic force acting on the colloidal particles compared
to that which would be encountered otherwise. The EOF is
also locally diminished, but this effect is less pronounced
because the local fluid velocity also depends on the EOF far
from the electrode due to fluid incompressibility. Convection
thus dominates over migration at low ¥, and more particles
evade the electrode.

To experimentally challenge these predictions, we performed
experiments using 1 pm diameter negatively charged
polystyrene particles ({-potential = —30 mV) and positively
charged amidine-coated latex beads ({-potential = +32 mV). A
d = 10 ym diameter glass-encased Pt UME was inserted in a
cell allowing optical access. The glass surroundin% the UME
had a negative {-potential (~ —35 mV at pH 5)."® As redox
mediator and supporting electrolyte we employed 0.67 mM
1,1’-ferrocenedimethanol and various concentrations of KCl,
respectively. In cases where we specify “no added salt”, the
conductivity of the solution was 2 uS/cm, which corresponds
to an ionic strength of ~30 uM."’ Unless indicated otherwise,
a constant potential of +0.35 V was applied to the UME with
respect to a Pt pseudoreference electrode, corresponding to a
highly oxidizing overpotential (cyclic voltammogram in Figure
SS). The current was monitored while simultaneously imaging
the motion of the particles. Additional details on Materials and
Methods are given in the Supporting Information.

Figure 2 shows typical amperometric responses (traces at
other salt concentrations are shown in Figures S2 and S3). At
high salt concentration (5 mM KClI, Figure 2a), we observed a
conventional current blockade: single particles were drawn by
electrophoresis and adsorbed to the electrode surface,
interfering with transport of the redox mediator and leading
to discrete steps in the current (some steps also result from
rearrangement of particles'”). At a lower salt concentration
(0.15 mM, Figure 2b), however, the response became more
complex. A new type of dip-like event appeared in which the
current temporarily decreased before returning to its initial
value. This suggests that some particles approached the surface
of the electrode but then, counterintuitively, left again.]‘%’m’zo’21
Finally, positively charged particles (Figure 2c) exhibited no
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Figure 2. Current—time response for impact of negatively charged
particles at high (5 mM, (a)) and low (0.15 mM, (b)) salt
concentrations. While the response at high salt consists almost

uniquely of stepwise decreases, dip-like features also occur at low salt.
(c) Positively charged particles exhibit only dips (y = 2).

steps but did show frequent dips. Steps would be unexpected
in this case, since these particles migrate away from the
electrode. The occurrence of dips indicates that the particles
are transiently drawn to the electrode by a mechanism other
than migration.

The origin of this bimodal behavior is readily elucidated by
optically monitoring the particles (Supporting Information).
Figure 3 shows snapshots of the trajectories of two particles at
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Figure 3. Trajectory for negatively charged particles. In (a), one
microparticle is adsorbed to the electrode surface (blue arrow) while a
second is out of focus in solution above the electrode (red arrow).
The latter then approaches the surface and is deflected sideways (b—
d). The diagrams above each image illustrate the different steps of this
process. The UME diameter was 10 pm.

low salt concentration. The first (blue arrow) adsorbed on the
surface of the electrode, corresponding to a stepwise current
decrease. The second particle (red arrow) instead approached
the electrode from above before being deflected along the
surface of the glass. This behavior caused a dip-like transient
amperometric response when the particle passed near the
surface of the electrode (see Supporting Movie 1 for complete

sequence). Positively charged particles also exhibit similar
trajectories (Movie 2). In each case, particles moving away
from the electrode stay close to the glass surface, matching the
behavior shown in Figure 1d.

Figure 4 (orange curve) shows the radial distance from the
center of the electrode versus time for a typical trajectory. The
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Figure 4. Distance—time curve for different particle charge, salt
concentrations and applied potentials. (a—c) Positively charged
particles with no added salt, 0.15 mM, and 1.34 mM salt
concentrations, respectively (applied potential: 0.35 V). (d)
Negatively charged particle at 0.15 mM salt (0.35 V). (e) Positively
charged particle with no added salt (0.05 V). The solid lines are fits to
distance o (t — t,)"/°.

slope of this curve, which represents radial velocity, decreases
as time progresses. This behavior is easily understood by
noting that the magnitude of the electric field decreases as
2" Combined with eq 1, this leads to the prediction that
the position along the surface obeys the form r(t) o /3
(Supporting Information). Fits to this expression (solid lines in
Figure 4) agree with the experimental data very well, showing
that the particles move with velocity u,; ~ 50—100 ym/s in
the vicinity of the electrode. This corresponds to Peclet
number Pe = u,d/D ~ 103, where D is the diffusion
coefficient of the particles, indicating that migration and
convection dominate over diffusion in mass transport.

Equation 1 makes several testable predictions. First,
positively charged particles ({, > 0) should move faster near
the surface since migration and EOF work in concert. This is
indeed observed experimentally (Figure 4, blue vs orange
curve). Second, diminishing the strength of the electric field
should lead to slower motion. The induced electric field is
proportional to the magnitude of the faradaic current, which
can be controlled via the applied electrode potential. We
changed the electrode bias to +0.05 V, and as a result, the
particles slowed down by a factor ~2 (Figure 4, red curve;
Movie 3). We also changed the salt concentration, which
resulted in higher particle velocities at lower salt (Figure 4,
black, blue, and green curves; Movie 4 corresponds to the
black curve). Third, making the surface potential {, less
negative or positive should diminish or even reverse the
EOF.”” Measurements with a UME coated with the cationic
polymer Poly-L-lysine exhibited once again step-like responses
and the particle trajectories reversed direction, suggesting EOF
suppression or reversal ({, — {; < 0 in eq 1; Figure S4, Movie
5)-

Our results demonstrate that faradaic reactions induce
convection in the fluid surrounding an electrode due to EOFs.
This applies to both UMEs and electrodes imbedded in
microsystems. It was previously inferred that convection
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influences measurements with UMEs at low salt concen-
trations.”> Our measurements fully support this conclusion and
identify the intrinsic mechanism responsible for convection.
Transport of the redox mediator is also affected, although the
effect is less dramatic due to the relative importance of
diffusion for small molecules (Pe ~ 1).'® Cyclic voltammetry
indeed shows an increase on the order of 10% of the mediator
mass-transport-limited current at low salt concentration
(Figures SS and S6). This is a priori surprising given that
this molecule is electrically neutral and illustrates the generality
of the EOF effect.

In addition, our results are relevant for the interpretation of
impact electrochemistry measurements, which are often
conducted under low salt conditions to increase the event
frequency. EOFs generated by a mediator (for current
blockade impact), electrocatalytic particles’”*> (for catalytic
impact measurements), or even parasitic background reactions
(for all impact methods) affect the rate and shape of events
under these conditions, which must be taken into account for
quantitative applications in single-entity electrochemistry. For
example, our observations explain the 6previously reported
saturation of the collision rate for y < 1.”

On the other hand, a drawback of most impact methods is
that electrodes become saturated over the course of an
experiment, complicating interpretation and limiting measure-
ment times. Inverting the charge of the particles instead leads
to current dips without adsorption to the electrode surface,
enabling extended measurements. The same could be achieved
with negatively charged particles by using a reduction reaction
for the mediator instead of an oxidation, thus reversing the
polarity of the induced electric field.
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